The hydraulic conductivity of cut flower stems decreases 4-8 h after cutting, possibly because of up-regulation of L-phenylalanine ammonia-lyase (PAL). To get more insight into the processes linking wounding with the increase in enzyme activity we explored the movement of reactive oxygen species (principally H 2 O 2 ) in the xylem of Arabidopsis. Following wounding there is a rapid rise in the production of H 2 O 2 . The peroxide persists for a long time in the xylem, making feasible its role as a long distance signalling molecule. The link between wound-induced H 2 O 2 in the xylem, upregulation of PAL activity and decreases in hydraulic conductance postharvest needs further exploration.
INTRODUCTION
Water uptake of cut flowers can be obstructed by several mechanisms, one of which is an enzymatic reaction induced by wounding of the stem at harvest (van Doorn and Cruz, 2000; van Meeteren et al., 2006) and which probably involves peroxidase and phenol oxidase activities (van Doorn and Vaslier, 2002) . Recently van Meeteren and Arévalo-Galarza (2009) concluded that L-phenylalanine ammonia-lyase (PAL) plays a major role in the xylem occlusion in chrysanthemum flower stems following wounding.
Reactive oxygen species (ROS) are widely believed to be an important signalling molecule in the systemic responses to wounding. ROS play a crucial role in the process of lignification that occurs following wounding (Barcelo, 2005; Kawasaki et al., 2005; Xu and Dong, 2005) and induce the activation of genes responsible for synthesis of PAL (Desikan et al., 1998; Hancock et al., 2001) . ROS are molecules derived more or less directly from molecular oxygen and are more reactive than molecular oxygen. ROS include the superoxide radical (
. O 2 -), hydrogen peroxide (H 2 O 2 ), singlet oxygen ( 1 O 2 ) and hydroxyl radicals ( . OH) (Hancock et al., 2001 ). According to Orozco-Cárdenas and Ryan (1999) H 2 O 2 produced in response to wounding can be detected at the wound site and in distal leaf veins within an hour after wounding, reaching a maximum after 4-6 h.
To get a better understanding of the wound induced signal that is believed to be involved in the up-regulation of PAL, we have been exploring the movement of H 2 O 2 in the xylem of Arabidopsis following wounding. Besides ROS the systemic signalling pathway involves various molecules that function synergistically with ROS to amplify the signal that is induced by cutting. Some of these molecules include jasmonic acid (JA) (Farmer and Ryan, 1990; Ryan and Mora, 2002), ethylene (O'Donnell et al., 1996) , and ABA (Peña-Cortés et al., 1989 , 1995 
MATERIAL AND METHODS

Plant Material
The plant material used was Arabidopsis thaliana; the Columbia wild type and four mutant lines which were insensitive for ABA (aba1), C 2 H 4 (ein2), jasmonic acid (mlo2-11 coil-1), or which produced less superoxide and H 2 O 2 (Atrbohd). Seeds were germinated and raised to the mature rosette stage under controlled environmental conditions (PPFD 150 µmol m -2 s -1 of Philips TLD 58W/840 fluorescent tubes during a 16 h photoperiod, day and night temperature of 23 and 21°C, RG 80-85%). The seeds were sown in petri dishes on Whatman filter paper (type 41), wetted with tap water and subjected to a six-day cold treatment at 4°C to induce uniform germination. With the appearance of the radical from the testa, the germinated seeds were transferred to pots containing a mix of 80% peat, 20% sand and Osmocote slow release fertiliser).
Detection of Peroxide
Amplex Red (10-Acetyl-3,7-dihydroxyphenoxazine) was used as the indicator to detect H 2 O 2 . It was infiltrated into the plants via the xylem: the central flowering shoot was cut, leaving 1.5 cm of the stalk onto which a 2-ml HPLC vial containing the Amplex Red solution (0.1 mM in 20 mM phosphate buffer, pH 8) was placed ( Fig. 1 ). In the presence of a peroxidase the colourless, non-fluorescent Amplex Red reacts with H 2 O 2 forming highly fluorescent resorufin. Resorufin fluorescence was excited with 520 nm radiation produced from a green light emitting diode (LED) filtered through a 520 nm band pass interference filter (the irradiance at the plant surface was 0.74 µmol m -2 s -1 PAR) and imaged using a CCD camera (Apogee Alta series E2) protected with a 600 nm band-pass interference filter. A series of images were taken with an exposure time of 1 min and a binning of 1 (1224×1536 pixels). The images were processed using Maxim DL/CCD software version 4.61 (Diffraction Limited, USA) as well as Image-pro plus 6.0 (Media Cybernetics Inc., USA).
Pre-Treatment with 1-MCP
Plants of Colombia ecotype were treated in a gas tight cabinet for 3 h with the gas 1-methylcyclopropene (1-MCP), an inhibitor of ethylene action. The 1-MCP was released after addition of warm water to a solid MCP source (0.5 g m -3 ) (EthylBloc, Rohm and Haas, the Netherlands). After 3 h the plants were ventilated for some minutes, after which they were wounded and the infiltration with Amplex Red begun. The control was subjected to the same procedure except for the treatment with 1-MCP.
RESULTS AND DISCUSSION
In the Colombia ecotype (wild type) the presence of H 2 O 2 could be detected within 3-5 min after wounding and infiltration with Amplex Red (Fig. 5) ; within 35-45 min the fluorescence extended to the distal veinal tissue of the rosette, 6-7 cm away from the wounded central flower stalk (Fig. 2) . The spread of the fluorescence signal could be due to either the movement of the H 2 O 2 signal into a tissue containing Amplex Red, or vice versa. To test that the spread was not limited by the availability of Amplex Red we applied a drop of H 2 O 2 to the distal region of a leaf and this resulted in a high fluorescence signal well in advance of the signal that appeared to originate at the wound site (Fig. 3) . This confirmed that the lack of signal at the distal parts of the plant was not due to absence of Amplex Red. The H 2 O 2 formed after wounding of the flower stalk was mainly localized in the veins of the rosette leaves (Fig. 2) , more specifically in the xylem vascular bundles (Fig. 4) .
The progress of the peroxide from near the wounded central flower stalk to the distal veins of the leaves, as well as the persistence of the peroxide for a relative long time in the xylem, makes credible its role as a long distance signalling molecule. Leόn et al. (2001) and Jiang and Zhang (2003) reported the involvement of different signalling molecules as well as the existence of cross-talk between them during wounding. In line with this the level of H 2 O 2 rose more slowly in mutants insensitive to ABA, ethylene and jasmonic acid (JA) compared to the wild type (Fig. 5) . The JA insensitive mutant showed the lowest wound-induced H 2 O 2 production and accumulation, while the wild type showed rapid production and the highest accumulation of H 2 O 2 in the first hour of wounding. This supports the proposition that JA plays a major role in defence-gene activation that influences H 2 O 2 generation. It also agrees with the work of Orozco-Cárdenas and Ryan (1999) and Ryan and Mora (2002) who showed that the generation of H 2 O 2 showed a high dependency on the octadecanoid signalling pathway. The cross-talk between ethylene response and H 2 O 2 was clearly confirmed by the effect of a pre-treatment of the wild type with 1-MCP (a competitive inhibitor of ethylene action) for 3 h before wounding on peroxide production and distribution (Fig. 6) .
Though hydrogen peroxide can be seen throughout the vascular system, it is not likely that the lifetime of individual peroxide molecules is very long. Hydrogen peroxide is a reactive molecule which also readily decomposes, and both peroxidases and catalase are found throughout the vascular system. No resorufin fluorescence can be observed outside the vascular system, and though this could be due to absorption of the excitation light and fluorescence by photosynthetic pigments, staining for peroxide using diaminobenzidine, which produces a brown precipitate when it reacts with hydrogen peroxide, also revealed no peroxide staining outside the vascular system. These results imply that the level of hydrogen peroxide is sustained within the vascular system by some means.
Overall, therefore, our results show that following wounding hydrogen peroxide moves through the vascular system but does not seem to spread beyond it. It is likely that the level of hydrogen peroxide is sustained in some way. The spread of the peroxide signal is delayed by the absence certain proteins or the presence of inhibitors that interfere with the formation of peroxide or the stress response. 1996. Ethylene as a signal mediating the wound response in tomato plants. Science 274:1914 -1917 . Orozco-Cárdenas, M.L. and Ryan, C. 1999 . Hydrogen peroxide is generated systemically in plant leaves by wounding and systemin via the octadecanoid pathway. Proc. Natl. Acad. Sci. USA 96:6553-6557. Peña-Cortés, H., Fisahn, J. and Willmitzer, L. 1995 . Signals involved in wound-induced proteinase inhibitor II gene expression in tomato and potato plants. Proc. Natl. Acad. 
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